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Abstract
Silicon‐methoxide‐containing modified clays were obtained through cationic exchange between the sodium clay
and the ammonium cation of [3‐(trimethoxysilyl)propyl]octadecyldimethylammonium chloride (Si18). The
nanocomposites were prepared through bulk polymerization of styrene in which the Si18 clay was dispersed.
The silicon‐methoxide offers the possibility of reaction between the methoxide and a clay hydroxyl group to link

together the cation and the clay. The nanocomposites were characterized by X‐ray diffraction, transmission
electron microscopy, and atomic force microscopy. Their thermal stability and flame retardancy were measured
by thermogravimetric analysis (TGA) and cone calorimetry. Linkage between the silicon and the clay apparently
occurs in the clay but is not likely to occur in the nanocomposite, perhaps because of the presence of the
polystyrene spreading the distance between the reactive sites, which makes reaction more difficult. The results
from TGA and cone calorimetry were similar to those obtained with other nanocomposites. © 2002 Wiley
Periodicals, Inc. J Polym Sci Part A: Polym Chem 40: 1498–1503, 2002

INTRODUCTION
Polymer‐clay nanocomposites have attracted considerable attention recently because of their enhanced
mechanical properties,1-3 thermal stability, flame retardancy,4, 5 gas‐barrier properties,6 ionic
conductivity,7 etc., relative to the virgin polymers. Compatibility between polymers and clay is crucial for
obtaining well‐dispersed materials. Because natural clay is a highly hydrophilic material, it is very
important to improve its organophilicity so that it can be compatible with organic polymers. Three of the
folllowing possible methods have been used to modify the naturally occurring sodium clay: (1) ion
exchange of the gallery cation (Na+) with quaternary organic cations such as ammonium and
phosphonium salts,8, 9 (2) direct modification of the clay layers, using organic coupling agents such as
silanes,10 and (3) use of crown ethers to complex the cations in the clay.11-13
In this study, we used ammonium salts containing a silicon‐methoxide linkage that can react with a hydroxyl
group on the clay to examine the efficacy of this procedure in comparison with others. Of particular interest in
these studies are the thermal and fire properties of the nanocomposites.

EXPERIMENTAL
Materials

Most of the chemicals used in this study were obtained from Aldrich Chemical Co., including [3‐
(trimethoxysilyl)propyl]octadecyldimethyl ammonium chloride, styrene, and 2,2′‐azobisisobutyronitrile (AIBN);
all materials were used as received.

Instrumentation
X‐ray diffraction studies (XRDs) were performed using a Rigaku powder diffractometer, with a Cu tube source (λ
= 1.54 Å) operated at 1 kW. The transmission electron microscopic (TEM) images were obtained at 120 kV, at
low‐dose conditions, with a Phillips 400T electron microscope. The samples were ultramicrotomed with a
diamond knife on a Leica Ultracut UCT microtome at room temperature to give 70‐nm‐thick sections. The
sections were transferred from water to carbon‐coated (type B) Cu grids of 200 mesh. The contrast between the
layered silicates and the polymer phase was sufficient for imaging; therefore, no heavy‐metal staining of
sections prior to imaging was required.
Samples for atomic force microscopy (AFM) were prepared by sectioning at room temperature with a Reichert–
Jung Ultra Cut E microtome. Cross‐sectional block faces were prepared through semithin sectioning with a glass
knife, followed by ultrathin sectioning with a diamond knife. A Digital Instruments Dimension 3000 Nanoscope
IIIa unit was used to collect the AFM images of mounted cross‐sectional surfaces in the tapping mode. The
surfaces were probed with light‐to‐moderate tapping forces through adjustment of the set point. Phase images
of the cross‐sectional surfaces revealed good contrast between the inorganic clay and the polymer matrix.
Thermogravimetric analysis (TGA) was carried out using a Cahn model 131 thermogravimetric analyzer; the
temperatures reported are considered to be accurate to ±2 °C, whereas the fraction of nonvolatile

material is ±2%. Cone calorimetry was performed on an Atlas CONE‐2 according to ASTM E 1354‐92 at
an incident flux of 50 kW/m2 using a cone‐shaped heater. Exhaust flow was set at 24 L/s, and the spark
was continuous until the sample ignited. Cone samples were prepared by compression‐molding the
sample (20–50 g) into square plaques using a heated press. Typical results from cone calorimetry are
reproducible to within about ±10%. These uncertainties are based on many runs in which thousands of
samples were combusted.14
Organically modified clay and polystyrene nanocomposites were prepared following a procedure that has been
previously reported.8 The organically modified clays were dispersed together with AIBN in styrene and
heated to 60 °C for 24 h. At the completion of the polymerization reaction, polystyrene‐clay
nanocomposites identified as PS‐MMT‐[3‐(trimethoxysilyl)propyl]octadecyldimethylammonium chloride
(Si18)‐xx (where xx is the percentage of clay in the nanocomposite) in this study (either 1, 3, or 5%),
were obtained. The heat treatment of MMT‐Si18 was performed by heating MMT‐Si18 at 100 °C under a
nitrogen atmosphere for 12 h. The polystyrene nanocomposites of both the heated clay and its
unheated counterpart were prepared following an identical procedure.

RESULTS AND DISCUSSION

The structure of the organic modifier used in this study, Si18, is shown in Figure 1. Si18 has two functional
groups—silicon‐methoxide and ammonium. The ammonium cation with a long alkyl chain can replace
the sodium ion in the gallery of clay by an ion‐exchange reaction to make the clay more organophilic.
The silicon‐methoxide group may react with the hydroxyl group on the clay at high temperature.10 This
reaction forms a bridge between clay lamellae that lock the polymer within the clay and prevent the
escape of volatiles that may be produced during thermal degradation.

Figure 1 Structure of the Si18 salt used in this study.
In general, two complimentary techniques are required to determine the type of nanocomposite formed—XRD
and TEM. XRD indicates the change of d‐spacing of the gallery of the clay, and TEM shows directly the structure
of the nanocomposite. Two terms are used to illustrate the structures of a nanocomposite—intercalated and
exfoliated. The intercalated structure maintains the registry of original clay, with expanded d‐spacing, whereas
in the exfoliated material this registry has been lost. For an intercalated nanocomposite, one may expect to see
a peak in the XRD, but this is usually absent in an exfoliated system.

XRD Measurement

The XRD data are summarized in Table 1. The d‐spacing of modified clays increases from 1.2 to 2.3 nm. The d‐
spacing of clay in polystyrene‐containing systems also increases relative to the original modified clay. This is a
good indication of intercalated nanocomposites. Heated Si18 clay has a similar d‐spacing to that in unheated
clay, but the d‐spacing in the nanocomposite is much larger in the unheated clay than in the heated clay. One
may either conclude that a nanocomposite does not form or that the reaction between the silicon‐methoxide
unit and the clay prevents further expansion. Figure 2 illustrates the XRD curves for the Si18 clay and its
nanocomposites. The peaks of both heated clay and its nanocomposite are much lower and broader than those
of unheated clay and its nanocomposite.

Table 1. XRD Data of Polystyrene Nanocomposites
Clay
d001 (nm) d001 of Nanocomposite (nm) Difference of d001 (nm)
Na clay
1.2
MMT‐Si18
2.3
3.7
1.4
MMT‐Si18 (heated) 2.3
2.7
0.4

Figure 2 XRD curves of PS‐Si18 nanocomposites.

TEM Images

The TEM images of both the unheated and heated Si18 nanocomposites at both low and high magnification are
depicted in Figures 3 and 4, respectively. At low magnification relatively large tactoids are observed, indicating
somewhat poor dispersion at the microscale. At higher magnifications one can clearly see the individual layers in
these TEM images. The heated sample may reveal a slightly larger interlayer spacing than that observed in the
unheated sample. This last observation is inconsistent with the XRD results that show a 1‐nm larger spacing for
the unheated clay. A likely explanation is that because the clay is poorly dispersed, a different area was sampled
by XRD than by TEM with the differing results.

Figure 3 TEM images of the unheated PS‐MMT‐Si18 nanocomposite.

Figure 4 TEM images of heated PS‐MMT‐Si18 nanocomposite.
AFM can also be used to provide a depiction of the nanostructure of clay nanocomposites from a different
perspective.15, 16 Figure 5 shows the tapping‐mode phase image at a scan size of 1 μm for the unheated

PS‐MMT‐Si18‐3 nanocomposite. The height and amplitude images (not shown) are similar to the phase
image but not as distinctive. One can see a heterogeneous morphological texture on this micrograph
that is consistent with a nanostructured material. Excellent contrast is seen between the clay platelets
and the polymer matrix. The image suggests an intercalated morphology, with the face of a majority of
the platelets being in the plane of the image. This fact, however, prevents conclusions to be made
regarding the gallery spacing of the clay platelets.

Figure 5 AFM image of PS‐MMT‐Si18 nanocomposite in the tapping mode/phase at a scan size of 1 μm.

TGA

The thermal stability of nanocomposites can be assessed by TGA. The data for the Si18 nanocomposites are
listed in Table 2, whereas the curves for polystyrene and the nanocomposites are shown in Figure 6. The data in
the table indicate the temperature at which 10% degradation occurs, T0.1, the temperature at which 50%
degradation occurs, T0.5, and the fraction that is not volatile at 600 °C char. The temperature at which 10%
degradation occurs is representative of the onset of the degradation, whereas the 50% value also provides some
information on the course of the degradation, and char measures the extent to which the degrading polymer is
prevented from escaping by a barrier that forms during the degradation.
Table 2. TGA Data of PS‐MMT‐Si18 Nanocomposites
Composites
T0.1 (°C) T0.5 (°C) Char (%)
PS
351
404
0
PS‐MMT‐Si18‐1 342
415
2
PS‐MMT‐Si18‐3 389
436
4
PS‐MMT‐Si18‐5 397
444
5

Figure 6 TGA curves of PS‐Si18 nanocomposites.
In previous work,5, 8, 13, 17 we have typically observed that the temperature at which 10% degradation occurs is
increased by 40–50 °C, independent of the fraction of clay over the range of 0.1–5%. The value for 50%
degradation is typically 20–40 °C higher, and here there is some dependence on the fraction of clay with
larger enhancements at higher amounts of clay. In this work, it is surprising to observe that the value for
10% degradation is actually lower for 1% clay in the Si18 nanocomposite. At both 3 and 5% clay, the
values are similar to those previously found. The bridged structure that can be formed from reaction
between the Si‐OMe and the hydroxyl groups of the clay apparently does not enhance char formation,
as shown by the values for char that roughly correlate with the fraction of clay and suggest that polymer
is not retained at high temperatures. It is possible that the insertion of polystyrene between the clay
layers prevents the occurrence of the reaction between the methoxide and clay hydroxyl.

Cone Calorimetry Measurement

The fire properties of the nanocomposites were assessed by cone calorimetry, and the cone data are
summarized in Table 3. The peak heat release (PHRR) is a very important parameter to evaluate the
effectiveness of a fire‐retardant system; the lower the PHRR, the more effective is the system. All of the
clay nanocomposites show much lower PHRR relative to the pure polystyrene, indicative of good fire
performance. The ignition time of the nanocomposites is shorter than that of the virgin polymer,
consistent with our previous reports for polystyrene nanocomposites,5, 17 unlike that of poly(methyl
methacrylate) nanocomposites that show longer times to ignition.18 The average specific extinction area
reflects the amount of smoke that is evolved in the burning; the nanocomposite evolves somewhat
more smoke than the virgin polymer. This is an unusual observation; normally the amount of smoke is
virtually unchanged when comparing the nanocomposite with the virgin polymer. The heat‐release
curves for Si18 nanocomposites are portrayed in Figure 7.
Table 3. Cone Calorimetry Data of PS‐Si18 Nanocomposites at 50 kW/m2
Nanocomposites tignitionb (s) PHRRb (kw/m2)
tPHRR (s) Mean
ASEAb (m2/kg) AMLRb (g/s ·
a
b
2
(% diff)
HRR (kw/m )
m2)
PS
42
1845
118
946
1265
35
PS‐Si18‐1
18
1380 (25)
125
659
1487
29
PS‐Si18‐3
18
1218 (34)
118
670
1552
27
PS‐Si18‐5
22
936 (49)
118
551
1594
23
a
% diff = [PHRR(no clay) − PHRR(clay)/PHRR (no clay).
b
tignition, time to ignition; PHRR, peak heat‐release rate; tPHRR, time to peak heat‐release rate; mean HRR, mean
heat‐release rate; ASEA: average specific extinction area (a measure of smoke evolution); and AMLR: average
mass‐loss rate.

Figure 7 Heat‐release rate of PS‐Si18 nanocomposites.

CONCLUSIONS
Silicon‐methoxide ammonium‐modified clays were obtained through ion exchange of the inorganic cations
within the galleries of the clay, and the polystyrene nanocomposites were prepared by an in situ bulk‐
polymerization technique. The XRD result indicated a bridge reaction occurs between the silicon‐methoxide
group and the hydroxyl group on the clay for the clay alone. In the polystyrene nanocomposite, there is no
indication of reaction between the hydroxyl groups of the clay and the silicon‐methoxide, perhaps because the
presence of the polymer expands the distance. Both AFM and TEM measurements showed the presence of an
intercalated nanocomposite. The thermal stability and fire retardancy of the nanocomposites were improved by
TGA and cone calorimetry, and the improvements were about the same as previous found in polystyrene‐clay
nanocomposites.
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